Experiments show that the simple paddle stirred cell provided an oil drop dispersion that was as monosized as that produced by the controlled shear device, if not better.
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INTRODUCTION
Interest in the use of microfiltration membranes to produce emulsions and dispersions of one liquid phase within another immiscible liquid phase has grown considerably over the past twenty years. There exists extensive review papers covering the application of the technique to food emulsions, the industrial outlook and a recent paper discussing emulsion and particulate products based on membrane emulsification 1-3 .
The use of a membrane to produce an emulsion, or dispersion, is widely reported to have many advantages over alternative methods of dispersion generation such as:
homogenisers, static mixers with pumps and stirred tanks. These advantages include the removal of the requirement for an emulsifying agent and the lower energy per unit volume of product required. A further important advantage is the ability to control, or engineer, the drop size together with the ability to provide a narrowly sized
dispersion. An emulsifying agent may be unnecessary because the new surface of the liquid being dispersed is formed using the membrane and not by the break up of an existing surface. However, a stabilising agent is still required in order to stabilise the newly formed dispersed phase surface within the continuous phase. Hence, it is argued that an emulsifying/stabilising agent is still necessary, but the amount of that agent is less than that required to produce a dispersion by breaking larger drops. The reduction in energy requirement by using membrane emulsification is very significant 4 and the ability to form near monosized dispersions in a technique that can be scaled from laboratory investigation to industrial scale application makes the process very attractive 5 .
In most membrane emulsification investigations the intention is to produce emulsions with a dispersed phase droplet size of less than 10 microns. These would be appropriate for food emulsions, spacers in LCD equipment, tracer and calibration particles, etc. For the production of larger dispersion drops, between 10 and 250 microns, membrane processes have still been suggested, but there is less work published and the degree to which the drop size distribution can be described as monosized usually becomes less acceptable. This is a size range of commercial interest as particles can be formed from the polymerisation, or solidification by some means, of the liquid that forms the dispersed phase. Such particles are of use for monosized column packings, medical diagnostic strips, functionalised beads and as encapsulated particles with an internal phase containing a controlled release compound. In the latter case, there is often the need for the preparation of a primary emulsion which is then dispersed to form a secondary emulsion. This could be an internal water phase encapsulated in an oil phase and then dispersed into another water phase (w/o/w), or an inner oil core encapsulated by a shell formed in the aqueous phase and then dispersed into an oil phase (o/w/o).
The production of monosized dispersions with drop sizes greater than 10 microns has some additional challenges when compared to the production of fine monosized drops. Primarily, the need to keep the inherently more unstable drops in such a way as to prevent them coalescing, or breaking up in a shear field associated with the membrane process. Thus, crossflow membrane emulsification is less likely to be successful with large drops, due to the need to pump the continuous phase around a flow circuit. In this case, the less stable drops could break up in the shear of the pump, or on passage through the fittings around the flow loop. To overcome this problem it is possible to use a rotating membrane system 6 , but there is little published operating data on such a system. Data has been published on a simple stirred system in which a circular flat sheet membrane was used, through which salt water was injected onto a continuous phase of kerosene and soybean oil. The shear at the membrane surface was provided by a simple magnetic stirrer 7 . A reasonably monosized dispersion was obtained, despite the obviously inhomogeneous shear field generated by the magnetic stirrer. The drop size produced in the study was 5 to 10 microns, using membrane pores sizes of nominally 1 and 5 microns. However, there was no consideration of the effect of shear, just an investigation of drop size and its variation with membrane pore size in the stirred system.
The complexity of generation of larger drops sizes has led to a claim that there is no known membrane technique for their reliable manufacture 8 , due to the pore size distribution of the membrane. In this case, the authors considered only the availability of the tortuous pore channel microfiltration membranes formed by sintering and did not consider the availability of the flat lamina membranes, without tortuous pore channels, that is used in the current study. Thus, an alternative approach to membrane emulsification was described based on several microchannels operating in parallel 8 .
These are essentially several capillaries etched into a silicon surface that provide large dispersed phase liquid drops that spontaneously snap-off on injection into the continuous phase due to the surface tension of the forming drop and the irregular channel shape through which they are passed.
In most cases of membrane emulsification, crossflow of the continuous phase over the surface of the membrane is employed. When using a tubular geometry it is reasonable to assume that this provides a uniform and consistent shear stress at the membrane wall. Thus, if the shear is consistent it is argued that the drops detached from the surface of the membrane will be of a consistent size. In most modelling a balance of forces is employed, in which the force resisting detachment is the capillary force and the forces causing drop detachment are a shear/drag force and a buoyancy force (for upward facing flat membranes with drops that float). However, in most cases the buoyancy force is negligible. When using a flat disc type membrane it is possible to generate a uniform shear field using the same principle as the cone and plate rheometer, such as a Weissenberg rheometer. The following experimental study reports the adaptation of a Weissenberg rheometer for use as a means of dispersion generation and compares the resulting drop size distribution from such a highly controlled shear device with a simple paddle bladed stirred cell used to produce the same dispersion. Modelling of the process is achieved by a force balance and by a torque balance, both modified for the stirred system under consideration.
An interesting alternative modelling approach to the simple force balance has been From a practical point, one of the main reported problems with membrane emulsification using a sinter type membrane is the low productivity of the process.
When producing dispersions using a 15 micron pore diameter membrane providing drop sizes of soybean oil of up to 40 microns dispersed in surfactant containing water, the maximum oil flux through the membrane was reported as 20 litres of oil per square metre of membrane area per hour (20 l m -2 h -1 ) 10 . However, to obtain a narrow drop size distribution the process had to be operated at a flux rate one half of this value. In order to increase the oil flux rate to values that may well be commercially viable the technique of forming a pre-mix emulsion, which has a poor size distribution, which is then put through the membrane to improve the size distribution has been described 11 . The pre-mix membrane emulsification process is reported to have high oil flux rates, but requires multiple passes through the membrane matrix.
Hence, the commercial advantage of the technique is reduced. Another disadvantage of the pre-mix process is the capacity for fouling during the process, which with the tortuous pore channel sinter membranes can be severe due to membrane depth However, it is assumed that the pressure at which a bubble will emanate from the surface when the filter is submerged in a fully wetting fluid is equal to the capillary pressure of a perfectly round pore. Hence the term 'equivalent', or 'nominal' pore size. It is usual for there to be a substantial pore size distribution with this type of membrane and the pore openings are far from circular. Thus, there is evidence that only a very small fraction of the available pores are used in the process of dispersion formation. This will be the larger tortuous pores, that will take most of the flow and the percentage of total pores actively producing dispersion may well be less than 1% 10 . In contrast to the conventional sintered membranes, the work described here used a newly available membrane with a regular array of uniform pores, see Figure 1 .
Here the pore geometry, spacing and size are very well defined and can be measured for the purposes of modelling and analysis. Similar membranes with an array of very well defined pores have been used previously, but in crossflow emulsification and with pores closely spaced together leading to coalescence on the surface of the membrane during drop formation 13 . This led to a wide size distribution from the membrane emulsification process. Further work was reported into modelling the process by CFD in order to determine the optimum spacing of the pores on a membrane, taking into account the deforming drops on the surface of the membrane prior to detachment and the need to avoid coalescence between the drops 14 . However, to-date there have been no reports of the computational findings from this work being experimentally validated. Nevertheless, the important conclusion from the work was that unlike in conventional microfiltration the ideal membrane for emulsification, or dispersion, generation requires a low density of pores per unit area. The optimum surface porosity of an emulsification membrane was found to be significantly less than 5% of the total surface area.
Drop size distribution assessment
The degree to which a particle, or drop, size distribution can be described as monosized can be indicated by several different measurements. The simplest one is to calculate the span, which is defined as the particle diameter which 90% of the distrtibution lies below (x 0.9 ) minus the diameter which 10% of the distribution lies below (x 0.1 ) divided by the median diameter of the distribution (x 0.5 ), i.e.
In general, material with a span significantly less than unity can be described as monosized.
Dispersed drop size modelling
The following analysis follows a conventional force, and torque balance, approach but adopted to shear in a stirred cell. 
where the projection of the capillary force, or moment, onto the axis of the rolling drop is M cz ,  is the angle from the pore edge, x is the drop diameter and F s is the force due to the shear at the surface. The moment arising from the capillary force can be obtained by integration of the vector product where  is the interfacial tension and r p is the pore radius. The shear force can be estimated from an approach based on Stokes' drag, but modified for the nearness of a wall and assuming that the shear flow velocity for a Newtonian liquid can be deduced from Newton's law of viscosity and the geometry of the drop sitting on a pore entrance (see Figure 2 ). Equating equations (1) and (2) using Stokes' drag expression for the shear force, with a constant that may be taken to be equal to 3 to account for the closeness of the wall 15 , and assuming Newtonian flow near the surface the following equation for shear force results 3  1  2  2  2  2  2   2  3  2  3  1  2  2  2  2  2  3  1   12  3   12   3   12 12
For low values of shear stress, it can be shown that the proportionality approximates to an inverse cubic root of shear stress (i.e. the pore diameter). Equation (4) can be solved, provided that the pore size is known, and the shear stress and/or rate close to the pore opening can be measured, or predicted. This is the case during the experiments using the modified Weissenberg rheometer.
Using the alternative approach, based on a simple force balance at the pore, where is a constant 17 . The shear field is at a maximum at the critical radius, which is the point at which the rotation changes from a forced vortex to a free vortex. 
Here b is the blade height and n b is the number of blades, and Reynolds Number is defined by  , hence flux is directed into these prevailing pores. Hence, at the some relatively small value of transmembrane pressure (slightly higher then the capillary pressure) only part of the pores are active and this is around the radius with the biggest shear stress, i.e. with radius r c . Finally, dynamic equilibrium establishes when drops come off predominantly from the place where the shear stress is at a maximum (see Figure 3) . Experimental confirmation of this described effect follows in the Results section. A Weissenberg 19 Rheometer was adapted so that the normally impervious plate underneath the cone was replaced by the membrane illustrated in Figure 4 . A feed chamber was constructed to permit the addition of oil from underneath the membrane.
A rotating seal was required; so that it was possible to rotate the base (including the membrane) underneath the cone. A chamber above the cone section was filled with continuous phase into which the oil was injected through the dividing membrane. The oil drops, after formation at the membrane surface, floated away from the cone, but the process is a batch one in which the concentration of dispersed oil drops increased.
Thus, the viscosity of the dispersion increased with time during an experiment. The viscosity was measured in-situ from the Weissenberg control equipment, which determined viscosity from the torque required to keep the cone stationary within the chamber. A hydrophilic membrane with an average pore size 18 m and diameter 40 mm was fixed on the rotating platform in the specially designed membrane holder.
The shear rate range used was 500 -3000 s -1 and measured shear stresses were between 10 to 40 dyne/cm 2 . The injection rate was in the range 0.01 -10 ml/min using a low-pulsation peristaltic pump, injected into mixtures of water with glycerol and Tween 20. The total capacity of the chamber was 150 ml and 10-15 ml of dispersed phase, i.e. sunflower oil, was injected into 100 ml of continuous phase.
The paddle bladed stirred cell was supplied by Micropore Technologies Ltd and employed a paddle blade of 24 mm diameter, 12 mm above a similar hydrophilic membranes with 9, 18, or 40 m pore sizes. These membranes were supplied by Micropore Technologies Ltd. and are available commercially. They are produced by galvanic deposition of nickel onto a template formed by a photolithographic technique. The diameter of the membrane used was 34 mm, which is the internal diameter of the glass chamber. The total glass chamber height was 155 mm and the normal working height of produced dispersion in the chamber was 100 mm providing a volume of 150 ml of continuous phase into which 40 ml of sunflower oil was injected at a rate between 0.5 to 3 ml/min for the 9 m membrane and 0.5 to 20 ml/min for the 40 m pore size membrane.
In both sets of tests the dispersed phase was a food grade sunflower oil and the continuous phase consisted of water (from a reverse osmosis system), with 2% of Tables 1 and 2 . Similar shear rates were used for the tests reported in Tables 1 and 2 is a closest match to the data for the higher viscosity system, Table 2 . However, the force balance is a slightly better match to the data for the lower viscosity system, Table 1 . It is also noticeable that the span for the distributions vary between 0.55 and 1.4. Spans of less than unity may be deemed to represent a monosized distribution, but with such a carefully controlled shear field as given by the rheometer spans much less than unity might be expected. Furthermore, in Figure 5 there is a direct comparison between the spans achieved using the two different devices for the production of drops with median diameters between 60 and 105 microns, using the same membrane type and experimental conditions. A lower span, more monosized distribution, is provided by the paddle stirred device.
The remaining experiments refer to the results obtained from the simple stirred cell, The measured median sizes with respect to stirrer speed are plotted in Figure 6 as the data points and the predicted values are shown as the corresponding curves. The force balance model is in broad agreement with the experimental data, with a notably better fit at higher stirrer speeds.
The hypothesis that most of the oil drop generation takes place at a radius on the membrane that is near to the critical radius of the paddle was tested by using an impervious glue to inactivate various areas of a 18 micron pore diameter membrane. Figure 7 shows the resulting drop size distributions, obtained using the whole active membrane, a membrane inactivated to a radius of 5 mm, to a radius of 7.5 mm and another membrane with both a central radius of 5 mm and an outer peripheral ring 5 mm inactivated. The drop size distribution appears to be independent of the physically inactivated membrane region. Thus, it appears reasonable to suggest that the paddle stirred system is self-limited in terms of the active region producing an oil dispersion -in accordance with the discussion in the dispersed drop size modelling section.
During all of these experiments the injection pressure was kept at a value just slightly greater than the capillary pressure of the membrane pores.
In Figure 8 the oil throughput is shown for the 18 micron pore diameter membrane, whilst the paddle stirrer speed was maintained at 500 rpm for all the tests. The figure includes data on the x 0.1, x 0.5 and x 0.9 values to enable the span to be calculated according to the earlier description of drop size distribution assessment. The first observation on the data is that the oil flux rates are up to an order of magnitude greater than what is normally achieved when using a tortuous pore channel membrane for dispersion generation 10 . This is attributable to the structure of the lamina membrane, with straight-through and uniform pores, used in this study, see Figure 1 . Thus, it is likely that the number of pores generating dispersion will be higher than is the case when using a membrane with a significant pore size distribution, where less than 1% of the pores may be generating dispersion 10 . Also, the flow resistance of a thin lamina straight-through pore channel membrane will be much less than a tortuous pore channel membrane.
Using the data included on the figure it is possible to deduce that the span for these distributions is approximately 0.5 and does not change significantly with injection rate. The median drop size significantly increases with injection rate, but the size distribution does not appear to broaden excessively over the operating conditions illustrated. Clearly, an increasing drop size with injection rate, or transmembrane pressure drop, is not accounted for in equations (4) or (6) and these models should be regarded as providing the smallest drop size where the size is determined by the shear-capillary forces only.
Another important observation regarding the span is that for all the reported tests the degree to which the distribution can be described as monosized is considerably better than the data obtained from the controlled shear tests using the modified Weissenberg rheometer. The best values of span obtained with the Weissenberg rheometer were 0.55 and 0.58, over a similar median drop size range. However, with the simple stirred cell tests spans below 0.5 appear to be possible. One final observation on the nature of the membrane used in this study is that it would appear to be ideally suited to multiple dispersion production, either o/w/o or w/o/w, as the lack of an internal structure and tortuous pore channel provides no internal structure for material to become deposited within the membrane. Also, the minimal flow resistance offered by this membrane helps in the safe passage of the primary emulsion through the membrane, minimising losses due to rupture of the primary emulsion within the membrane.
CONCLUSIONS
The production of an oil dispersion with controlled average drop sizes between 40 and 400 microns has been shown to be possible using a simple paddle bladed stirred cell, without the need for controlled shear. In terms of span of the resulting drop size distribution, the simple stirred cell provided a more monosized product than the modified Weissenberg Rheometer, despite the more consistent shear conditions over For the purpose of modelling the drop size produced with shear at the membrane surface, the simple force balance model was shown to be adequate for the stirred cell, modified for maximum shear obtained in the stirred system. The torque balance approach was reasonable for low values of shear used in the controlled shear experiments, conducted on the modified Weissenberg rheometer. This device provided a useful experimental tool for investigation of conditions during dispersion formation as it measured the viscosity of the system during the dispersion generation process. However, in terms of a more monosized oil drop product, there did not appear to be any advantage in using the modified rheometer compared to the simple paddle bladed stirred cell. It appears that in the paddle blade cell the region in which oil dispersion is generated is limited to that close to the position of maximum shear under the paddle blade. Thus, the regions where the shear is much lower do not tend to generate oil drops -hence the drop size distribution of product is much better than would be expected from such a non-controlled shear device. Experimental evidence from tests in which limited areas of the circular disc membrane were inactivated for oil injection confirmed this conclusion.
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